Abstract. Previous experimental studies suggest that methane emission from wetlands is influenced by multiple interactive pathways of gas production and transport through soil and sediment layers to the atmosphere. The objective of this study is to evaluate a new simulation model of methane production and emission in wetland soils that was developed initially to help identify key processes that regulate methanogenesis and net flux of CH 4 to the air but which is designed ultimately for regional simulation using remotely sensed inputs for land cover 
Introduction
Methane is a greenhouse gas with 4-35 times the global warming potential of carbon dioxide on a molar basis [Houghton et al., 1992; Bridgham et al., 1995] . Approximately 110 Tg CH 4 (1 Tg = 1012 g) is emitted from natural wetland sources, which is equivalent to 20% of the methane entering the atmosphere each year [ Cicerone and Oremland, 1988; Matthews and Fung, 1987; Fung et al., 1991] . Despite the growing importance of this biogenic source, there are a number of major uncertainties concerning variation in terrestrial ecosystem processes that are critical to understanding present and future trends in the global methane emission budget [Bartlett and Harriss, 1993] . Furthermore, it is unclear how changes in climate and ecological relationships could alter net emissions of methane. This paper is not subject to U.S. copyright. Published in 1997 by the American Geophysical Union.
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Among the major uncertainties concerning controls on CH 4 emissions in wetlands are the relative contributions of new plant production, especially root litter and exudation, versus more "inert" soil organic matter substrates, to CH 4 production across wetland types [Yavitt and Lang, 1990; Dacey et al., 1994; Updegraff et al., 1995] . In addition, the general role of methane oxidation in regulating net emissions in poorly drained areas requires further study, particularly insofar as hydrologic and thermal regimes may differentially control dynamics of methanotrophic and methanogenic bacterial activity. Finally, there is the major unresolved issue of extending mechanistic model computations for wetland gas emissions over relatively large areas for regional budget assessments and coupling to atmospheric processes. In most cases, past attempts to correlate CH 4 emissions with single environmental variables and to extrapolate fluxes more widely have proven unsatisfactory [e.g., Bartlett and Harriss, and predicted fluxes of methane in natural wetland areas that can be extrapolated regionally using remote sensing observations or surface hydrologic models Schimel and Potter, 1995] . Process-based models developed by Cao et al. [1995, 1996] . Moreover, none of the empirical studies cited above has yet combined controls on methane production, consumption, and transport with ecosystem production algorithms.
There appear to be a number of special mechanistic challenges involved in modeling processes of wetland biogeochemistry and associated methane emissions among ecosystem types. These challenges include seasonal effects of carbon substrate availability, nutrient mineralization feedbacks, soil temperature variability, water table depth, and multiple pathways for CH 4 emission. These all require more thorough testing and modeling in a manner that avoids excessive "tuning" of internal model constants or algorithms to any one site. It is particularly important to develop a simulation model that can eventually accept spatially resolved attributes of the land surface, including wetland type, production potential, and inundation pattern, as input variables.
In this paper, I report on results from tests of a new scheme for simulation of ecosystem controls on carbon cycling and methane emission that should be applicable in many wetland environments. The model combines controls on methane production, consumption, and emission transport pathways with plant production and litter decomposition algorithms using driver variables that can be derived largely from remote sensing observations. Measurements in tundra wetland sites studied previously by provide a time series of controls on CH 4 flux to evaluate initial applications of the model. Water table depth, soil temperature, and CH 4 emissions have been measured over several years at these tundra sites near Fairbanks, Alaska. The main objectives of the present study were (1) to evaluate model performance against measurements from the field and (2) to evaluate the hypotheses and associated model algorithms upon which a mechanistic scheme for wetland gas fluxes can be built. Although highly accurate model predictions may not be attainable at present, in a general sense, simulation studies should help reveal weaknesses in our bases of process understanding and observational data collected.
Model Description
The methane emission model (summarized in Figure 1 ) is based upon current understanding of environmental controls on methanogenesis and CH 4 oxidation and of methane gas transport processes from the soil-sediment profile to the atmosphere (described, for example, by Rudd Water balance in the soil is the difference between precipitation (or volumetric percolation) inputs and PET outputs for each layer. It is assumed that all moisture inputs and outputs progress from the surface layer downward. Each soil layer is assumed to be internally homogenous with respect to water holding capacity. Inputs from rainfall, snowmelt, and water run-on can recharge the soil layers to pore saturation level. Porosity, expressed on a percentage basis, is uniform for the entire soil profile. Excess water percolates through to lower layers until they are filled and water accumulates in a ponded surface layer (M 0 in Figure 1 ).
For this first version of model, the objective is to implement a simple scheme to simulate the timing of changes in WTD. A variable that represents the run-on rate of surface water to a grid cell location may be either (1) prescribed where measurement information exists to do so, or (2) estimated as a function of flow amount and a delay factor related to the moisture retention capacity of the surrounding catchmenffsediment. To generate the results reported in this paper, the second option was implemented, using a hypothetical run-on flow equal to daily rainfall amount and a delay factor of zero. This setting was selected as an initialization state for testing, rather than on the basis of empirical data from any given catchment site. Higher selected rates should affect WTD dynamics in a linear fashion.
Water may subsequently leave the M 0 surface moisture layer as run-off. As an initialization state for evaluation, potential run-off rate was set equal to the sum of mean daily rainfall and mean daily run-on amount over a monthly time interval. Net soil water balance is used to compute an approximate daily level of WTD relative to the surface (z = 0). Although more sophisticated simulation of surface hydrology flows could eventually couple to our model of soil biogeochemistry, the decision was made to simplify and prescribe this controller wherever possible in an effort to focus chiefly on testing the hypotheses concerning carbon cycling stated above. [1993, 1995] found that mean water table position explained most of the variability in CH 4 emission among boreal zone wetlands and speculated that accounting for microtopographic differences at the level of hummocks and hollows will be necessary for accurate regional flux extrapolations. 
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Application To Field Conditions
There are very few published studies on seasonal methane emissions from wetland ecosystems that are suitable for verification purposes of our basic model algorithms. In most cases, the information needed to initialize model settings is incomplete. For our model, this parameter set includes, at the minimum, above and below ground measurements of annual net primary production and leaf area coverage, soil moisture holding capacity, moisture retention characteristics, plant rooting depth, and continuous time series climate drivers over several years. In some studies, gas emission measurements for comparison to model predictions do not extend over an entire annual cycle.
Because of the unique, relatively continuous time series record of measurements in relatively well-characterized tundra wetlands of Alaska, the study sites described Whalen and Reeburgh [1988, 1992] ................................................................................................................................................................................ 
Evaluation of Model Performance
Thaw Depth and Soil Temperature Dynamics
The soil freeze-thaw dynamics predicted by the model are shown for the TK site over the two study years (Figures 4a and  4b, respectively) . Although predicted soil temperature, expressed as the mean at 25-35 cm depth over the thaw season (JuneSeptember), is slightly higher (by about IøC) in 1989 than in 1990, the estimated amplitude of soil T was narrower during 1990 Models results are consistent with the field observation that soil T was warmer on average during 1989, compared to 1990 (Table  2) . Predicted soil temperatures were, however, slightly lower (1 ø-2øC) than measured temperature means at the TK and BH sites over the 2-year period. In further contrast to field observations, our model is not designed to predict major differences among plant community types with respect to average soil T and thaw depth dynamics. For example, tussocks are generally taller than surrounding vegetation types, such that these areas might be expected to thaw at an earlier date by effectively absorbing lowangle solar radiation [Whalen and Reeburgh, 1988] . This extra heat transfer process is not included in our model design, and consequently, the tussock site is predicted to warm at about the same rate as the other two plant communities.
Furthermore, Whalen and Reeburgh [1992] reported that soils in Carex communities thaw earlier than other vegetation types due to the low albedo and high heat storage capacity of eulittoral zone, also known as a "warm rim effect" of the adjacent lake. We have not considered this notable thermal regime of the landscape in our simulations of single plant community sites. Consequently, measured soil temperature is around 10øC higher on average in the CR communities during the thaw season than predicted by the model (Table 2 ). In addition, soils of intertussock depression (BH) communities have been observed to seal over with a thin layer of ice with the onset of freezing air temperatures. Soil T fluctuations are therefore observed to be more erratic in BH communities than in either TK or CR communities, a pattern not reproduced in the model runs. These apparent errors in the model estimate of soil T will propagate into decomposition rate constants, particularly for the CR sites.
Water Table Dynamics
Model predictions (Figure 4) the unusually wet months of 1990, which may have actually slowed the rate of methane emission in the absence of effective plant-mediated transport of soil methane. Consequently, the complex local topography of muskeg ecosystems may introduce factors affecting gas emissions that cannot be readily captured without a more complete understanding of CH 4 emission pathways and spatial water relations.
For reasons that are not completely understood, field measurements within these tundra soil profiles typically reveal an increase in soil CH 4 concentration from early July through August. In soils of the B H and CR communities, this accumulation of gas is generally followed by declines in soil CH 4 concentration from mid to late August that coincide with increases in emission rates at the surface. In soils of the TK communities, observed CH 4 concentrations and emissions remained fairly constant from July through mid-August 1989. Although suggested the possibility of a 2 to 3 week lag period between CH 4 production at depth and surface emissions, no such lag is evident in the measured fluxes during the summer of 1989.
Litter Decomposition Rates
Although there are no reported field experiments to verify model predictions of litter turnover times and the proportional contribution of each litter-soil pool to gaseous carbon fluxes from these particular wetland ecosystems, simulation estimates based on long-term (monthly) climate drivers are of interest for comparison with other reports from tundra zones. Using the TK site as an example, the model predicts that the mean residence time (MRT) of carbon in structural and metabolic litter pools (leaf and root combined) is 10.7 and 1.4 years, respectively. The estimated age for "modem" soil carbon, taken as the MRT of C in the SLOW pool [Potter and Klooster, 1997] , is 89 years, while the predicted MRT of more inert C in the OLD pool is over 2600 years.
The relative contribution of each litter-soil pool to yearly carbon gas fluxes is estimated as 56% and 28% from structural and metabolic litter pools, respectively. Decomposition of the SLOW pool contributes 16% of total carbon losses annually, while the loss of substrate from the OLD C pool is much less than 1% of total microbial respiration losses each year. 
